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Sunnressioti of noise in an integrated circuit 

2a 11 2002 

® \ 

The invention relates to an electronic integrated circuit and more in particular 
to the suppression of interference noise in such a circuit 



From US patent No. 6,040,728 it is known to reduce noise in an integrated 
circuit by means of injection of noise-canceling signals. In an integrated circuit many 
different sub-circuits are combined on the same substrate. Apart from the intended signals, 
each sub-circuit generates undesired signals, termed noise, in the substrate. The substrate acts 
as a noise medium which permits the noise fiom one sub-circuit to affect other sub-circuits in 
undesirable ways. Thus, sub-circuits also act as noise-sources. Noise that reaches analog 
circuits fiom digital circuits, for example, leads to deterioration of the signal-to-noise ratio of 
the analog circuits. 

US patent No. 6,040,728 teaches how a "quiet" region can be realized in the 
substrate of an integrated circuit, where sensitive analog circuits are present on the substrate 
(which acts as a noise medium). For this purpose a pluraHty of feedback circuits are provided 
in an array along the boundary of the quiet region. Each feedback circuit regulates the voltage 
in the substrate at a respective point along the boundary of the quiet region, so that the local 
voltage equals a "quiet" reference voltage. To regulate the local voltage, the feedback circuit 
senses a noise affected signal at the respective point and feeds back current that is negatively 
proportional to the difference between the local voltage and the reference voltage. 

Thus, the noise signal is reduced at least locally and it may be expected that 
within the region surrounded by the respective point the noise is reduced as well. This 
technique requires a large number of feedback circuits. Even so. noise inside the region is 
reduced only partially when the spatial variation of tiie effect of the injected counter-noise as 
a function of position away fiom the point of injection is not the same as that of the noise. 
This is the case in particular for noise generated inside the regioiL 
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Amongst others, it is an object of the present invention to improve noise 
suppression when the noise to be suppressed has a spatially varying strength, and in 
particular when the noise source is located within a region where noise should be si^pressed. 

Amongst others, it is a further object of the present invention to reduce noise 
5 over a larger region using multiple non-local feedback circuits, while reducing a tend^cy 
towards local feedback effects. 

Spatially varying noise fiom noise sources can be suppressed better by using 
non-local feedback, tiiat is, a feedback wherein the noise source and an injection point of fhe 
feedback are coupled to a noise medium on a first side of the sub-circuit that is to be 
10 protected against noise and an input of the feedback is connected to the noise medium on a 
second side of the sub-circuit, the second side being opposite the fibrst side. Such non-local 
feedback may be applied for example to suppress the effect of power supply botmce 
propagation on a noise medium like a power supply line in the integrated circuit, or substrate 
noise propagation across a digital-analog boxmdary in substrate of the integrated circuit, by 
1 5 using a feedback circuit with an input and an injection point coupled to the power supply line 
at positions removed firom one another, so that at least some protected sub-circuits are 
coimected to the power supply line between the input and the injection point. Thus, the input 
is in a region of fhe medium relatively far away fix)m the injection point and the noise source. 
In such a region the spatial variation of the effect of the injection point and the noise source is 
20 less strongly dependent on position, or both effects may even depend congruously on 
positiorL Therefore cancellation of the noise source and the injection occurs over a large 
region. Cancellation is not strongly localized, as in fhe case of local feedback, because with 
local feedback the effect of injection and the effect of the noise source around fhe input 
depend on position in a different way since the input is near the injection point and the noise 
25 source is not 

The use of non-local feedback may have the disadvantage that th^e is a 
detrimental efifect on the noise fix>m noise sources in regions away firom the region where 
noise is suppressed, for example when fhe noise source is opposite fhe injection point, as seen 
firom fhe input of fhe feedback circuit To suppress noise finm sources in more than one 
30 direction, it would be desirable to inject different counter-noise at more tibian one location, 
using different feedback circuits. However, when multiple feedback circuits are combined 
with non-local feedback it may be the case that the point where one feedback circuit senses 
noise is close to the point where another feedback loop injects noise and vice versa. Thus an 
overall feedback loop is created which includes both feedback loops. Such an overall 
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feedback loop suppresses noise locally at an input by injection of counter-noise close to the 
input, ttius undoing the advantages of non-local feedback. 

Jd. an embodiment the integrated circuit comprises a further noise source 
coupled to the noise medium and a further non-local feedback circuit with input and output 
coupled to the noise medium, the inputs of the non-local feedback circuit and the further non- 
local feedback circuit being differential inputs, the differential inputs of the non-local 
feedback drcuit being coupled to the noise medium on mutually opposite sides of the further 
noise source, tiie differential inputs of the further non-local feedback circuit being coupled to 
the noise medium on mutually opposite sides of the noise source. It has been found that noise 
is reduced in this way. A tentative explanation is that this spatial feedback attempts to 
equalize the feedback signal at its two end points and as such attenuates the noise magnitude 
comprised within the loop. As a result the contiibution of the noise ftom these sonrces to 
overall feedback effects is reduced. This at least parfly permits the operation of multiple non- 
local feedback circuits with non-local feedback effect. 

In another embodiment the effect of local feedback is suppressed by using a 
forther non-local feedback circuit, with input and output coupled to the noise medium, so that 
an output of the non-local feedback circuit is coupled to the noise medium closer to flie input 
of the further non-local feedback circuit than to the input of the non-local feedback ckcuit, 
the output of the non-local feedback circuit and the input of the further non-local feedback 
circuit being mutually arranged so that transfer of output signals from the output of the non- 
local feedback circuit to signal components fed back by the further non-local feedback circuit 
are at least partiaUy siqppressed. Thus, it is ensured that noise canceling extends over 
relatively large regions, by forcing compensation of the noise in each region by inj ection 
relatively remote from that region. Suppression masks inputs and outputs from one another. 
Masking may be realized for example by providing the feedback circuits with differential 
inputs coupled to the medium, the feedback circuits weighing signals from the inputs so that 
input signals from a nearby injection point substantially do not contrfeute to the feedback 
signal. As an alternative masking may be realized with differential output coiq)ling wei^ted 
so as not to affect nearby inputs. 



30 



These and other objects and advantageous aspects of an integrated circuit 
according to the present invention will be described in more detail using the following 
figures. 
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Figure 1 shows a circuit with noise compensation 

Figure 2a,b show noise amplitudes as a function of position along a noise 

medium 

Figure 3 shows an embodiment of a circuit with noise compCTisation 
Figure 4 shows a further embodiment of a circuit with noise cotxq>ensatLon 



Figure 1 shows a circuit with a first power supply conductor 10 and a second 
power supply conductor 1 1 bet!^een which a number of sub-circuits is connected (only four 
sub-circuits 12a-c shown). A feedback circuit is provided, comprising a feedback inverting- 
amplifier 15. Feedback amplifier 15 has an input coupled to an input point 14a on first power 
supply conductor 10 and an output coupled to an output point 18 remote firom the input point 
14a. Power supply conductors 10, 11 act as media for transmission of signals, i.e. the 
voltages at different pomts along these conductors may be mutually different due to 
propagation effects, for example due to RC filter-like behavior or propagation delay. To 
emphasize the transmission medium like nature of power supply conductors 10, 1 1 symbolic 
filters 100 (only one labeled) have been shown iacluded in the power siq)ply conductors. 

In operation sub-circuits 12a-d draw power supply currents which flow 
between power supply conductors 10, 1 1 . The power supply currents cause voltage 
fluctuations on the power supply conductors 10, 1 1 . Through tiiese voltage fluctuations, sub- 
circuits 12a-c may exert undesirable ejBTects upon one another. These voltage fluctuations 
should be regarded as noise. Thus, power supply conductors 10, 1 1 act as noise media and 
sub-circuits 12a,b act as noise soxirces in this respect. Feedback amplifier 15 counteracts the 
effect of noise. Feedback amplifier 15 senses voltage fluctuations at input point 14a and 
injects a current that generates counteracting voltage fluctuations at output point 18. This 
generally requires that feedback amplifier 15 has a negative gain factor. 

Figure 2a schematically shows a first amplitude 20 of noise fluctuations 
caused by a first sub-circuit 12a as a function of position X along power siqiply line 10. (It 
will be understood that power supply conductor 10 may in fact follow a path with bends in it, 
in which case X rq)resents distance traveled via the relevant patib). Figure 2a furthermore 
shows a second amplitude 22 of counteracting noise fluctuations introduced by feedback 
amplifier 15 in response to the noise fluctuations caused by first sub-circuit 12a. (The actual 
coxmteracting noise fluctuations introduced by feedback amplifier 15 are the sum of the 
responses to the noise fluctuations due to different noise sources such as sub-circuits 12a-d It 
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will be mderstood that in practice only this sum is observable, not the individual responses to 
different sub-ciicuits 12a-d). The X position 24 of ou^ut point 18 and the X position 26 of 

iiq>ut point 14a have been indicated. 

Under ideal feedback conditions, fluctuations at the input point 14a (X 
position 26) due to first sub-circuit 12a have the same ampUtude as fluctuations at that ii5>ut 
point 14a due to the response by feedback amplifier 15, but are of opposite sign, so fliat tiie 
net noise at input point 14a (X position 26) is zero. In a relatively wide range of X positions 
around the X position 26 of input point 14a noise, where the X-positions are remote &om 
both the location of first sub-circuit 12a and output point 18. the net noise is also low, 
because noise due to first sub-circuit 12a and counter noise due to feedback ampUfier 15 have 
substantially the same X position dependence in this region. 

By way of contrast figure 2b shows the situation that would have arisen when 
the output of feedback amplifier 15 would have been coupled to power supply conductor 10 
substantially at the location of input point 14a. In this case, the ampUtude 28 of counter noise 
due to feedback amplifier 15 would generally be at a maximum at the X position 26 of the 
input point 18. Consequently, noise due to first sub-circuit 12a and counter noise due to 
feedback amplifier 1 5 have substantially dissimilar X position dependence around this 
position. Thus the net noise differs firom zero only over a relatively narrow region. 

Thus, by providing non-local feedback, with at an output point closer to the 
noise source 12a than the input point noise due to remote noise sources is cancelled over a 
relatively wide region where sub-circuits 12c-d are coupled to power supply conductor 1 0. A 
single feedback amplifier 15 suffices for the purpose of noise canceling when the only 
relevant noise source is remote in this sense. However, preferably a pluraUty of at least two 
feedback amplifiers is used when there are other noise sources. 

Figure 3 shows a circuit according to the present invention wherein two 
feedback circuits are provided, each comprismg a feedback amplifier 35, 37. A first feedback 
amplifier 35 has differential inputs coiQ)led to wpni points 14a,b on first power supply 
conductor 10 and an output coupled to an ou^ut point 18 remote fixmi the input points 14a,b. 
A second feedback amplifier 37 has differential mputs coupled to rapat points 16a.b on first 
power supply conductor 10 and an output coupled to an output point 19 remote &am the 
input points 16a,b. 

In operation, like amplifier 15 of figure 1, feedback amplifiers 35, 37 of figure 
3 have the effect of suppressing noise on power supply conductor 10. at will be understood 
that the word "feedback" is taken to imply that the sign of amplification by feedback 
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amplifiers 35, 37 is so that an increase in the input sig^al leads to an output signal that 
counteracts the increase). Feedback amplifiers 35, 37 dififerentially sense noise voltage 
fluctuations on power supply conductor 10 be^veen their respective input points 14a,b and 
16a,b and introduce counteracting noise at their respective oii^ut locations 18 and 19. Noise 
5 &om noise sources in a broader range of locations is suppressed than would otherwise be 
possible with a sin^e feedback amplifier. Differential sensing reduces the effect of 
localization which may arise when the respective output point of one of the amplifiers 35, 37 
is located near the respective input point of the other amplifier 37, 35 and vice versa. If 
feedback amplifiers 35, 37 both would have had single ended inputs (not differential inputs) 

10 near the output point of the other amplifier, the two amplifiers would have tended to 

cooperate as a single feedback loop, the output of each amplifier 35, 37 serving to suppress 
noise locally, each substantially as shown in figure 2b. As a result, this reduces the range of 
locations where noise is below a given threshold. It has been found that differential sensing 
reduces this effect, providing a broader range in which noise is below the threshold. 

1 5 Figure 4 shows a fiirfher embodiment of a noise suppression circuit according 

to the present invention. (Here as well it will be understood that the word "feedback" is taken 
to imply that the sign of amplification by feedback amplifiers 35, 37 is so that an increase in 
the input signal leads to an output signal that counteracts the increase). In figure 4, single end 
gain factor adjustment circuits 40, 42 have been added at the inputs of differential amplifiers 

20 35, 37. In operation single end gain factor adjustment circuits 40, 42 provide an adjustment of 
the sensitivity of the differential input of the differential amplifiers 35, 37, so that for each 
amplifier 35, 37 the respective output signal Y (not illustrated) of the amplifier 35, 37 
depends on the respective voltages Va, Vb (not illustrated) at the input points 14a,b, 16a,b 
according to 

25 

Y=g(Va-aVb) 

The factor a is realized by the single end gain fiu^tor adjustment circuits 40, 42 
and chosen so tibiat counter noise introduced at an output point 19 near the input points 14a,b 
30 at which Va and Vb are sensed substantially has no effect on the output signal Y. That is, if 
the transfer factor of output signals Y fcom the nearby ouQ)ut point 19 to the irqput points 
14a,b that sense Va and Vb are Ha and Hb respectively (not illustrated) , the factor a equals 
Ha/Hb. When the single end gain factor adjxistment circuits 40, 42 are applied to the input 
points 14a, 16b closest the nearest output points 18, 19, ausually represents an attenuation 
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that can be realized by a simple circuit. Thus, the respective output signals Y of the 
amplifiers 35, 37 are made independent of each other. As a result the feedback amplifies 35, 
37 are forced to operate as separate feedback loops and the counter noise introduced at the 
output points serves to make Va^Vb zero. i.e. a signal indicative of the local noise except for 
5 the countar-noise introduced by the nearby output point 19. 

Although the embodiment of figure 4 has been shown wifli a smgle the 
feedback has been described in terms of single end gain factor adjustment circuits 40, 42 
coupled to specific inputs of ampUfiers 35, 37, it will be understood that desensitizing of the 
inputs can in feet be realized by using gain factor adjustment at other inputs, or at both 
10 inputs. Also signals derived by weighing noise on more than two input points on power 

supply conductor 10 may be used. As an alternative, the outputs of the amplifiers 35, 37 may 
be arranged so that they generate substantially no input signal at anearby input of another 
amplifier. This may be realized for example by using two outputs coupled to power supply 
conductor 10 with output signals of opposite sign, and an anq>litude ratio, so that no net 
1 5 output signal results at the nearby input 

Although the invention has been iUustmted for one power supply conductor 
10, it will be understood that similar feedback arrangements maybe applied to both power 
supply conductors 10, 11. The power supply conductors 10. 1 1 may be of linear shape, or be 
an essentially one dimensional structure running along a path with bends in it. In both cases 
20 noise can be suppressed effectively with a pair of amplifiers 35, 37. However, without 
deviating from the spirit of the present invention, power supply conductors 10, 1 1 may 
extend in two dimensions. In this case, however, more than two non-local feedback circuits 
are preferably used, with mpnts and outputs distributed over a two dimensional region, 
always with measures to counteract that coiq)ling between nearby inputs and outputs lead to 
25 localized noise compensation. Furthennore, the invention may of course be appUed to noise 
media other than power siq>ply lines, for example to semi-conductor substrates underneath 
sub-circuits 12a-d. 
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I ^ An integrated circuit comprising 

anoise souice, 
a sub-circuit, 

a noise medium capable of transferring noise signals from the noise source to 

5 the sub-circuit, 

a feedback circuit, havmg an input coupled to the noise medium at an input 
point on a first side of the sub-circuit and an output coupled to the noise medium at an output 
point on a second side of the sub-circuit, the first and second sides being opposite to one 
another relative to the sub-circuit, the noise source being coupled to the noise medium on 

10 said second side. 

2. An integrated circuit according to Claim 1, wherein said noise medium is a 

power supply line. 
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3. An integrated circuit according to Claim 1, wherein said noise medium is a 

substrate region along a boundary between digital and analog circuit modules. 



4. An integrated circuit according to Claim 1, comprising a fiirfher feedback 

circuit, with input and output coupled to the noise medium, so that a output of the feedback 
20 circuit is coupled to the noise medium closer to the input of the further feedback dicuit than 
to the input of the feedback circuit, the output of the feedback drcuit and the input of the 
further feedback circuit being mutually arranged so that transfer of output signals &om the 
output of the feedback circuit to signal conq)onents fed back by the fiirther feedback drcuit 
are at least partially suppressed. 



5. An integrated circuit according to Claim 4, wherein the fiirther feedback 

circuit has differential inputs, receiving rnpMt signals firan fiirther input points in the noise 
medium with mutually different weights, fiie mutually different weights being so that said 
transfer is at least partially suppressed. 



PHNL021186EPP 



9 



27.11^002 



^- An integrated circuit according to Claim 1 , comprising a further noise source 

coupled to the noise medium and a further feedback circuit with input and oulput coupled to 
the noise medium, the iapvOs of the feedback circuit and the further feedback circuit being 
5 differraitial iapats, the differential inputs of the feedback circuit being coupled to the noise 
medium on mutually opposite sides of the further noise source, the differeotial inputs of the 
further feedback circuit being coiq)led to the noise medium on mutually opposite sides of the 
noise source. 
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ABSTRACT: 

aa 112001 



Sub-circuits of an integrated circuit can act as noise sources on conamon 
conductors such as power supply lines and the substrate. Each of these conductors may act as 
a noise medium enable of transferring noise signals from the noise source to other sub- 
circuits. One or more feedback circuits are coupled between input and output points on 
opposite sides of where a circuit to be protected is connected to such a medium, so that a 
output of the feedback circuit is coupled to the noise medium closer to certain noise sources 
than the input of the feedback circuit. Preferably, multiple feedback circuits are cross-coTq)led 
and have transfer connections so that coupUng between the input and outputs of different 
feedback circuit is at least partially suppressed. 



Fig. 1 
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FIG. 2b 
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